In fish, the first line of defense against infectious microorganisms is based on a broad range of nonspecific humoral and cellular immune mechanisms ('innate immunity') which without prior specific activation can act in forming a more static barrier (Fish Shellfish Immunol. 10 (2000) 243; Dev. Comp. Immunol. 25 (2001) 827). This natural resistance is normally effective enough to protect fish from infectious diseases until specific immune responses are being induced ( Fig. 1 ; Dev. Comp. Immunol. 25 (2001) 841). Healthy fish exhibit both nonspecific and specific immune responses depending directly on environmental temperature. Pollution of the natural aquatic environment with industrial or agricultural sewage is an important immunosuppressing factor resulting in higher susceptibility to infectious diseases. To date, the possible immunotoxicity of a substance is evaluated using quantification of humoral factors like lysozyme, complement, C-reactive protein or total immunoglobulins but less often using functional assays. Furthermore, most of the functional assays (phagocytosis, respiratory burst, proliferative response) are based on the measurement of the response of resting but not of specific activated immune cells. However, the physiological responses of the immune system to an infection are based on a complex, stepwise activation and proliferation, especially of the specific immune functions after first contact to the microorganisms. In this report we describe in vitro methods for the evaluation of cellular immune functions of different leukocyte populations after specific in vivo triggering of the immune system. Parameters to be evaluated are activation and proliferation of leukocyte populations, phagocytosis and respiratory burst, secretion of antigen-specific antibodies and specific cell-mediated cytotoxicity. Furthermore, challenge models with bacterial (Aeromonas salmonicida) and viral pathogens (Viral Haemorrhagic Septicemia Virus, VHSV) are presented.
Introduction
Fish health affects many aspects of our life. First, it reflects the quality of our aquatic environ-ment and secondly, it is the basis for an efficient production of high quality fish in aquaculture providing food for an increasing human population. However, the increasing human population is the main source of pollution of the aquatic environment affecting fish and human health as well (Zelikoff, 1998) .
The evaluation of aquatic environmental pollution by chemicals or drugs regarding potential adverse effects on immunocompetence of fish depends on standardized test systems. Most immunotoxicological tests yield only one, or a limited number of parameters or functions, socalled 'biomarkers' (Beaman et al., 1999; Walker, 1998) . Moreover, they only determine the overall ability of the resting immune system to react but fail to investigate the influence on a specifically stimulated immune response (Zelikoff et al., 2000; Twerdok et al., 1996) . Commonly used tests are determining the amount of humoral factors of the nonspecific (lysozyme, C-reactive protein, complement) and the specific (immunoglobulin M, IgM) immune system, and some functional assays are applied to measure the phagocytotic activity or the proliferative response of immune cells. Complex, stimulated immune functions are not examined (Langezaal et al., 2001; Luebke et al., 1997; Luster et al., 1992 Luster et al., , 1993 Smith et al., 1999) .
However, pollutants seldom affect a single parameter or function. And, as there is no effective way to predict the impact of small or moderate changes on host resistance in multiple immunological parameters, an increase or decrease of one or a limited number of parameters does not reflect the influence of a pollutant on the complex immune response involved in resistance to infections or cancer. The interactions between different immune mechanisms, a possible overreaction of the immune system, or the compensation of a suppressed immune function by another cannot be discovered in this way (Zelikoff et al., 1995; Keil et al., 1999 Keil et al., , 2001 .
A further problem is the limited knowledge of immune functions in fish involved in resistance to infections or cancer. Several aspects of antigen recognition, of the interaction between immune cells, directly or via cytokines, or of the regulation of effector mechanisms namely specific antibody secretion or cell-mediated cytotoxicity are not fully understood (Fig. 1) , since only limited number of tools are available to investigate these immune functions in fish. And finally, the immune response of fish depends directly on internal (age, sexual cycle) but also on external environmental (temperature, season) factors (Magnadottir et al., 1999; Bly et al., 1997) . These factors greatly influence immune functions ranging from an almost non-reactive to a highly reactive state of all immune functions (Zapata and Amemiya, 2000; Zapata et al., 1992) .
To determine the influence of pollution on the immune response to infection, vaccination and cancer, including the impact of stress as a side effect several methods were developed in the last decade (Arkoosh et al., 1998) . Stress factors such as high population density and suboptimal environmental conditions are one of the major problems in aquaculture resulting in increased susceptibility of farmed fish to infectious diseases. Some of the influences are comparable to the situation of a polluted natural ecological system. In order to prevent dramatic loss in fish production due to infectious diseases an extensive vaccination program has been introduced in aquaculture (Gudding et al., 1999; Ellis, 1997) . Unfortunately, potency of these vaccines is not sufficient, and one reason for their limited usefulness or benefit seems to be based on the abovementioned stress and the resulting immunosuppression (Anderson, 1997) .
The methods discussed in this report were developed to investigate natural immune responses to infectious agents (Kö llner and Kotterba, 2002; Fischer et al., 1998; Secombes, 1990; Nagelkerke et al., 1990) . However, these methods can also be used to determine suppressing effects of pollutants on complex immune functions of fish by/due to: 1. Induction of a defined immune response to defined stimulants. 2. Evaluation of the induced stimulation of different parts of the immune system from the first activation of immune cells to resistance against infectious microorganisms as a result of a complex immune response. 3. Sensitivity of these methods which allow the detection of effects on distinct immune func-tions before a total loss (death of the effector cell) or a strong decrease or increase of the function has occurred.
Preliminary remarks to measurement of immune functions possibly affected or disturbed by pollutants
The influence of aquatic pollutants on immune functions can be determined by exposing the fish to the test substance followed by a standardized in vivo stimulation of the immune response (preexposure) or by exposing the fish to the test substance simultaneously with the in vivo stimulation (co-exposure) (Fig. 2) . The advantage of a standardized stimulation is the induction of a defined immune response in which the difference between a mock and a real exposure to a certain pollutant can be determined. In addition, several pollutants can be compared. In contrast to the in vitro determination of single cellular based functions such as phagocytosis and respiratory burst the in vivo stimulation of the entire immune system reflects the capacity of complex immune functions. On the other hand, these complex immune reactions can be characterized in more detail using stimulants of known reactivity (bacteria mitogens, allogeneic cells, virus derived peptides, Fig.  2 ) yielding a stimulation of defined leukocyte subpopulations.
Trout leukocytes can be separated into subpopulations by physical (density gradient separation) and immunological (immunomagnetic separation using monoclonal antibodies against specific cell surface markers) methods (Fischer and Kö llner, 1994; Marsden et al., 1995) . Due to the strong dependence of almost all immune functions of fish on environmental temperature, the cultivation of trout leukocytes has to be carried out at 15-20°C in all in vitro assays (Hardie et al., 1994; Novoa et al., 1996a,b) . 
Evaluation of natural resistance or immunity against bacterial and viral infection
The resistance or immunity against bacterial or viral infection is the result of the efficient and complex immune response ( Fig. 1 ; Ellis, 2001; Jones, 2001; Smith et al., 2000) . This immune response can be decreased or inhibited by immunotoxic chemicals or drugs starting with a loss of regulative compensation of affected immune cells or disturbed immune functions. Consequently, the correct determination of possible immunotoxicity of a substance is based on the measurement of the inhibitory influence on the survival rate after infection with virulent strains of bacteria or viruses (Zelikoff, 1998; Zelikoff et al., 2000) .
A useful test to determine the resistance against a bacterial or viral infection is shown in Fig. 3 . For these tests, highly virulent bacterial or virus strains which cause a mortality in untreated fish of a defined age under defined environmental conditions should be used. The cumulative mortality after infection is easy to determine and can be adjusted to a value recommended for testing of possible immunotoxic substances (Fig. 3) . As stated before, the immunotoxic effect of aquatic pollutants can be determined using either a preor a co-exposure method. To minimize inhibitory effects of the pollutant on bacteria or viruses and to ensure an exact dose of microorganisms an intraperitoneal rather than water-born infection should be used.
The mortality test reflects a more general toxic effect on the complex immune system. However, no data can be obtained on the 'level' at which the immune system is affected. To answer this question more detailed tests, as described below, have to be performed.
Activation of leukocytes and leukocyte subpopulations
The immune response against foreign antigens always starts with an activation and subsequent proliferation of leukocyte populations, which will be involved in the immune response (Rycyzyn et al., 1998) . The first cells to be activated are monocytes/macrophages and neutrophilic granulocytes followed by sIgM + B-and sIgM − T-lymphocytes ( Fig. 1) . The activation depends on several internal (age, sexual cycle, antigenicity of invading antigen, health status) and external (water temperature, season) factors (Bly et al., 1997) . Inhibition (or suppression) of the ability to activate leukocyte populations leads to a 'no-responsestatus' of the immune system to the pathogen finally resulting in fatal outcome. Methods for evaluation of activation/proliferation of leukocytes are based on different principles (Fig. 4 ): 1. measurement of the activity of mitochondrial enzymes using specific substrates (WST-1) 2. measurement of the influx of Ca 2 + ions into the cytoplasm using a fluorescent marker 3. detection of incorporation of 3 H-thymidine into cellular DNA 4. detection of the percentage of leukocyte populations in lymphatic compartments. These methods are sensitive enough to differentiate (discriminate) the reactivity of leukocytes and leukocyte populations to different stimulants or different environmental temperatures and should therefore also be useful in detecting stimulating or inhibiting effects of aquatic pollutants.
Phagocytosis
Phagocytosis is an nonspecific immune function whereby phagocytes internalize, kill, and digest invading microorganisms. It has been shown in different fish species that circulating monocytes/ macrophages and granulocytes form an integral immune defense network capable of neutralizing a variety of invading pathogens and their secreted soluble factors by phagocytosis without prior activation ( Fig. 1) (Ainsworth, 1992; Secombes and Fletcher, 1992; Dannevig et al., 1994) . However, it has also been shown that the activation of monocytes by LPS or opsonization of microorganisms through complement components or antibodies leads to increased phagocytosis (Gudmundsdottir et al., 1995; Solem et al., 1995) .
Furthermore, phagocytosis is the first step in the accessory function of monocytes and macrophages to stimulate lymphocyte response. Phagocytosed particles are processed and presented as antigenic peptides in association with class II MHC molecules on the surface of phagocytes. Subsequently, soluble mediators involved in lymphocyte activation like IL-1 b are secreted ( Fig. 1) (Hong et al., 2001 ). Inhibition of phagocytosis disturbs the clearance of bacteria, the processing and presentation of antigens but also cytokine secretion and subsequently the activation of lymphocyte-based specific immune response. Fig. 5 . Suggested methods to determine phagocytotic activity of fish leukocytes. After in vivo stimulation leukocytes are exposed to unlabeled (Hardie et al., 1994 ) or PKH26 labeled A. salmonicida, (Kö llner et al., 2001 . Phagocytosis can be determined by histochemical staining followed by microscopy or flow cytometry as shown in the examples. Note the increased phagocytosis after stimulation with LPS and the rapid clearance of bacteria in the peritoneal cavity. Fig. 6 . A method to determine respiratory burst. After in vivo stimulation leukocytes are cultivated with different bacteria to induce respiratory burst (Solem et al., 1995) . Note the increased response of the in vivo primed leukocytes after in vitro restimulation with A. salmonicida.
The methods to measure phagocytosis are shown in Fig. 5 . Sensitivity of both methods has been shown by Solem et al. (1995) who demonstrated a dose-dependent stimulation of phagocytosis using different concentrations of LPS.
Respiratory burst
Invading microorganisms are killed by free oxygen and nitrogen radicals; either extracellularly, without prior phagocytosis, or intracellularly after phagocytosis (Secombes and Fletcher, 1992) . This antigen-nonspecific immune function is executed by macrophages and granulocytes (Fig. 1) . During respiratory burst, toxic oxygen products such as superoxide and hydrogen peroxide are produced and released into the surrounding tissue (Jang et al., 1995; Secombes, 1990) . Inhibition of this process by immunotoxic substances leads to a prolonged surveillance of invading bacteria or fungi followed by an increased growth and subsequently leading to an increase of the pathogenic influence on normal physiology resulting in increasing disease with possibly fatal outcome (Fig.  1) . Most methods measuring respiratory burst are based on the detection of intracellular superoxide production using tetrazolium salts (Fig. 6 ).
Antibody secretion
Antibodies are produced by B-lymphocytes after stimulation with antigenic peptides presented in association with MHC class II molecules on accessory cells. Cytokines secreted by macrophages and possibly T (helper?) cells, which have not yet been clearly identified in fish, act as co-stimulatory molecules (Fig. 1) (Cain et al., 2002; Christie, 1997) . Strong antigens, like bacterial LPS induce an antibody response by direct activation of B-lymphocytes (Ellis, 1997) . In fish, secreted antibodies in serum and mucus are of the immunoglobulin class M (IgM) only (Andersson et al., 1995; Castillo et al., 1993) . After binding of antigens, different effector functions are initiated: enhanced phagocytosis of the opsonized antigens by macrophages, complementdependent cytolysis, antibody-dependent cell-mediated cytotoxicity via Fc-receptors on natural cytotoxic cells, and virus neutralization by blocking entry into susceptible cells (Fig. 1 ) (Kaattari et al., 2002; Boudinot et al., 1998; Hattenberger-Baudouy et al., 1995; Emmenegger et al., 1995; Anderson and Jeney, 1992; Sharp et al., 1992) . Inhibition of various functions of antibodies therefore results in an increased susceptibility to infectious diseases. Fig. 7 . Detection of antigen-specific antibodies in fish sera. High titers of antigen-specific antibodies can be detected after a single injection of A. salmonicida (Kö llner and Kotterba, 2002) . A possible influence of an aquatic pollutant can be determined in pre-or co-exposure experiments. The influence of environmental temperature and antigen dose on the level of specific antibodies shown in the examples indicates the sensitivity of this method. Fig. 8 . Determination of specific cell-mediated cytotoxicity after in vivo sensitization with allogeneic cells or virus antigens (Fischer et al., 1998) . A possible impact of aquatic pollutants can be determined in pre-or co-exposure experiments. The diagrams show examples of the specific response against allogeneic or virus infected cells of previously sensitized trout.
One of the available tests used for the detection of antigen-specific antibody secretion is based on an ELISA after a single immunization with bacteria (Aeromonas salmonicida) (Kö llner and Kotterba, 2002) (Fig. 7) . The antibody response was strongly temperature-dependent (Fig. 7) . Application of different amounts of inactivated bacteria resulted in direct dose-dependent antibody secretion (Gudmundsdottir et al., 1995) .
Specific cell mediated cytotoxicity
Specific cell mediated cytotoxicity which has only recently been shown in fish is involved in the immune response against viral infection and cancer cells (reviewed by Nakanishi et al., 2002; Dijkstra et al., 2001) . Sensitized sIgM − lymphocytes kill allogeneic cells or virus infected fish cells (Somamoto et al., 2000; Fischer et al., 1998; Stuge et al., 1997 Stuge et al., , 1995 . In vitro assays of cell-mediated cytotoxicity are based on the release of hemoglobin from allogeneic erythrocytes (Fischer et al., 1998) of lactate dehydrogenase from allogeneic or virus infected cells (Fischer et al., 1998) or on the release of 51 Cr from labeled target cells (Somamoto et al., 2000) . The assay system is described in Fig. 8 . For the detection of specific cell-mediated cytotoxicity against virus infected cells, a system of MHC class I matching effector and target cells is required (MHC class I restriction of cytotoxicity). Preferably, clonal fish and target cell lines with a known MHC class I genotype are used. Furthermore, the use of clonal or inbred fish is required to obtain comparable data from differently treated groups. As shown in Fig. 8 the cytotoxic reaction is strongly specific and depends on prior sensitization.
Concluding remarks
In this review a number of methods to evaluate immunotoxic effects of pollutants on single and complex immune functions are suggested. Commonly used immunotoxicological tests assess the primary response of affected immune parameters. In contrast, the tests suggested here are based on the determination of the effects of pollutants on in vivo stimulated immune functions in a defined immune response to standardized antigens or stimulants. Using this approach, the possible toxic effect of an aquatic pollutant can be estimated 1. after pretreatment of fish with a pollutant (pre-exposure) followed by an in vivo stimulation to evaluate in vitro the ability of immune cells to be activated and proliferate in response to immune stimulants (antigens, mitogens, infectious microorganism)
2. during treatment of fish with a pollutant together with an in vivo stimulation (co-exposure) to determine in vitro the ability to respond after activation/stimulation to immune stimulants (antigens, mitogens, infectious microorganism) Both approaches provide an evaluation of immunotoxic effects of pollutants on the immune responses to defined pathogens or stimulants. The suitability of the suggested tests as 'biomarkers' for pollutant-induced immunosuppression requires further investigation and standardization of the assays.
